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Introduction
Heat generated by the pad-disc contact during braking is the main cause of surface degradations such as oxidation, wear and thermo-mechanical failure, in particular, cracking [1] . In order to predict the consequences of thermal damage, several techniques have been developed to measure the temperature of sliding mechanical components:
thermocouples techniques such as embedded thermocouples and dynamic thermocouples [2, 3, 4] and infrared techniques: pyrometry [5] and thermography [6] .
Concerning optical temperature measurements during braking, some difficulties must be overcame: reduced size of the hot spots (about some millimeters during a high speed train emergency braking), fast phenomena [7] (some hot spots can have an observation time under 1 ms), difficulty of access. On the other hand, radiometric techniques need the knowledge of the brake disc emissivity [8] . This parameter depends on various factors, often time varying and depending of parameters such as the object temperature and its surface quality [9] [10] [11] [12] . The bispectral or multispectral pyrometry can be a possible solution to overcome these difficulties: the radiometric measurements are simultaneously performed for two or more spectral ranges, allowing at the same time both the emissivity and temperature determination. Many authors have developed twocolor or multi-color pyrometers with or without optical fiber [13] [14] [15] [16] [17] [18] [19] [20] . Others authors have used infrared cameras to determine thermal mapping by monochromatic or multichromatic methods [21] [22] [23] [24] [25] . The bibliographical study shows that increasing the number of wavelengths does not necessarily imply a better accuracy on the temperature and need an adequate emissivity model to avoid a possible divergence of the temperature evaluation [10, 12, 14] . Moreover, in using a multispectral method, one has to employ several detectors or several optical filters, which complicates the design and increases the cost of the apparatus.
The problematic is more complex in the case of braking given that the disc-rubbing surface evolves constantly during the test [26] [27] [28] [29] . On the basis of this context, of the specific problems involved in the brake disc surface temperature measurement and while taking account the cost of the apparatus, a fiber optic two-color pyrometer was developed, able to make temperature and emissivity measurement of a brake disc. The pyrometer is composed of two HgCdTe detectors equipped with two bandwidth filters, a fluoride glass optical fiber and data conditioning and acquisition device. The fiber optic two-color pyrometer allows the brake disc surface temperature and emissivity measurements in the 200-800 °C range with a time response of 8 μs and a small measurement spot (2.4 mm).
Principle of the method
The theory of the two-color pyrometry is given in several references [10, 12, 14] .
This method uses the Wien approximation of Planck's law [12, 13, 14, 30, 31 ] to determine the monochromatic luminance:
with
The two-color pyrometry method measures the infrared luminance at two different wavelengths λ 1 and λ 2 . In practice, the measurement signal is a voltage directly proportional to the luminance observed by the detectors: 
The temperature uncertainty is given by the total differential method [32] : 
Increasing the separation of the wavelengths ∆λ=λ 1 -λ 2 reduces the temperature measurement uncertainty but the assumption of the grey body behavior can be less valid for large value ∆λ. Therefore the choice of the two work wavelengths is a compromise between the grey body assumption, the temperature measurement uncertainty and the choice of equipment material [12, 19, 32] . For T = 1000 °C (which represents hot spots temperature on a TGV brake disc during an emergency braking), the curves of constant value of K are drawn in the space λ 1 , λ 2 ( Figure 1 ). Taking into account the temperature measurement uncertainty, the grey body assumption and the filters availability, the wavelengths chosen in this study are λ 1 = 2.55 µm and λ 2 = 3.9 µm. These values are satisfactory to insure a sufficiently small wavelength separation and a reasonable effect on measurement uncertainty (K = 1.31).
To estimate the error corresponding to the grey body behavior assumption, an error coefficient K CR can be defined from the difference between the measured temperature T 1 and the real surface temperature T 2 [32] :
The coefficient K CR is a factor representative of the measurement error due to the grey body behavior assumption. The value of K CR estimated for the two wavelengths previously chosen and taking into account the variations of the brake disc materials (steel, cast iron) emissivities given [33] is within 5%.
Experimental device

The two-color pyrometer
The portable two-color pyrometer shown in Figure 2 , consists of a flexible fluoride glass optical fiber, two HgCdTe detectors equipped with bandwidth filters (Table 1) The measured spot diameter, noted d, is a function of the distance between the fiber and the target, noted h. An experiment was carried out to verify this theoretical value. A source of visible light was used to visualize the spot of the optical fiber, and a graph paper gave the measurement of the spot diameter. The experimental and theoretical data are very close. The use of the optical fiber gives small measurement spots. For example, if the distance between the fiber extremity and the brake disc surface is 5 mm the spot diameter is about 2.4 mm.
Calibration procedure
The calibration procedure, which is very important for the temperature evaluation, consisted in heating a blackbody and obtaining the calibration curve of each detector.
The two-color pyrometer was calibrated using an extended blackbody HGH (type ECN 100 H6, emissivity  = 0.98 ± 0.02, temperature range 50 -550 °C, absolute error temperature ∆T = ± 0.5 °C). The temperature of the blackbody was varied from 200 to 550°C by steps of 50°C. For each temperature, 10 acquisitions were made with the twocolor pyrometer. The target is alternatively the extended blackbody (blackbody signal) and the environment at ambient temperature (ambient signal).
From the calibration, it appears that for a given ambient temperature there is a drift of the signal. A recording of the ambient signal and blackbody signal was made and the evolution of the ambient signal was confirmed. However, the signal drift during braking test (about 150 s) is too weak to influence the measurement. It was also observed that the difference between the blackbody signal and the reference signal remained constant, so a relative value was used:
For each point of calibration, The detector noise is evaluated using a spectrum analysis. Both blackbody and environment are used as source and gives two similar spectrums. The noise of the detector has a wide band spectrum. Because the signal to noise ratio is about 200 at 400°C, the detector noise contribution is not significant. Figure 3 shows the proportionality between the luminance and the output signal. The radiances are calculated for the spectral bands of the detectors. The two amplification constants are determined using calibration curves: 
Influence of the surrounding radiation on measurements
The influence of the surrounding radiation [13, 35, 36] on measurement results has been studied. The two-color pyrometer received both emitted and reflected flux. The total luminance incoming from the sample is:
where T is the surface temperature of the object and env T the surrounding temperature.
During the braking tests the disc surface temperature is higher than 400°C, the environment temperature is about 20°C, the optical fiber is placed close to the pad-disc contact using a black mounting bracket held near room temperature. At temperature higher than 300°C the ratio between reflected and emitted flux estimated using equation (10) is about 0.004, so the reflected flux can be neglected.
Uncertainty analysis
The temperature and emissivity uncertainties can be obtained using the Law of Propagation of Uncertainty [37, 38, 39, 40, 41] : 2  1  2   1  2  1  2   12   12   2  2  2  2  2  2  2  2  2   22  22  12  12   2 cov , (11) and (12) 
In equations (13) and (14) The curve
is presented in the Figure 4 , the emissivity uncertainty remains lower than 0.21 and 0.15 for temperatures higher than 300°C and 350°C respectively.
Experimental validation
To validate the two-color pyrometer, tests were carried out on a disc covered with a known emissivity black paint (ε = 0.93±0.02) [42] . The surface temperature was measured simultaneously by our new two-color pyrometer (T λ1/λ2 ) and a commercially 
Braking test bench experimental results
Experiments were carried out on a SCHENCK braking test bench at the C3T (Ground Transportation Technological Centre) ( Figure 5 ). This test bench is composed of four parts: the test cell, the drive system, flywheels and the base. The test cell is an enclosure ensuring a control of the room temperature and allowing a correct ventilation of the disc. The enclosure is equipped with two port-holes for the radiometric measurements. One end of the driving shaft equipped with a rotary transmitter is in the test cell. The drive system is a DC machine. The flywheels and the drive system are used to simulate the brake inertia.
The brake system is composed of a 259 mm diameter ventilated disc equipped with 2 K-type thermocouples placed at the friction radius 6 mm under the disc surface and two pads (pad surface: 30 cm 2 ) equipped with 2 K-type thermocouples placed 5 mm under the contact surface ( Figure 6 ). The optical fiber of the two-color pyrometer is placed close to the pad-disc contact using a black mounting bracket which was held near room temperature in order to avoid reflections on the brake disc surface. The distance between the fiber and the surface disc is 5 mm. According to the characteristics of the optical fiber, the spot diameter is 2.4 mm. To control the measurement of the two-color pyrometer, the disc surface temperature is also measured by a monochromatic Impac TM pyrometer (pyrometer reference IP 140, temperature range: 75 -550°C, spectral range :
-2.8 μm).
Two kinds of test were undertaken on the C3T test bench (Table 2) :
 Deceleration braking: decreasing revolving speed  Hold braking: braking with constant torque and constant rotational speed.
The sampling frequency is 100 Hz, in order to satisfy the sampling condition according to Shannon's theorem. Figure 7 shows the brake disc temperature and emissivity evolution during deceleration braking test:
Deceleration braking
 T λ1/λ2 is the surface temperature measured by the two-color pyrometer (ratio of the signal from each detector),  T λ1 and T λ2 are the monochromatic surface temperatures measured by each detector of the two color pyrometer assuming a blackbody behavior for the disc surface (ε = 1),  T pyro is the temperature measured by the monochromatic pyrometer IMPAC TM (IP 140), assuming a blackbody behavior for the disc surface (ε = 1),  T disc is the mass disc temperature measured by thermocouple 6 mm under the friction surface.
 ε is the emissivity of the surface measured by the two-color pyrometer
The temperature increases quickly at the beginning of the braking, the maximum temperature is reached after 20 s, and then it decreases. The monochromatic temperatures T λ1 , T λ2 are similar to the monochromatic pyrometer IMPAC TM temperature T pyro . The monochromatic temperatures was measured by the monochromatic pyrometer IMPAC TM (IP 140) and by each detector of our two-color pyrometer assuming a blackbody behavior for the disc surface (ε = 1). The monochromatic temperatures (T λ1 , T λ2 , T pyro ) are so underestimated [12, 13] . A difference of around 150 °C between the monochromatic temperatures (assuming a blackbody behaviour for the disc surface) and the two-color temperature is observed.
This difference can be explained by the brake disc emissivity evolution during the test.
The brake disc emissivity increases with the temperature reduction ( Figure 7 ). The emissivity value is 0.45 at the beginning of the braking, 0.4 for the maximum temperature and 0.7 at the end of the test. This increase of the emissivity with the reduction of the temperature is coherent with the bibliography [25, 26, 28, 29] . The variation of the emissivity is the consequence of the evolution of the properties of friction surface during braking. Figure 8 shows the brake disc temperature and emissivity evolution during hold braking test. As it can be observed in Figure 8 , the frequency of the temperature oscillations corresponds to the frequency of the disc rotation. It can be seen that the monochromatic temperatures T λ1 and T λ2 obtained from the two detectors are close to the monochromatic temperature measured by the IMPAC TM monochromatic pyrometer T pyro . However, a significant difference between the two-color temperature T λ1/λ2 and the monochromatic temperatures T λ1 , T λ2 and T pyro is observed. Once again, this difference can be explained by the brake disc emissivity evolution during braking.
Hold braking
The emissivity is around 0.5 at the beginning of braking, decreases to around 0.35 for t = 20 s and increases to around 0.4 at the end of the braking sequence. The evolution of the emissivity over time can be explained by the temperature variation and the modification of the brake disc surface during braking. While the two-color temperature value is about 500°C, the estimated temperature uncertainty is lower than 14 °C ( Figure   4 ) and the estimated emissivity uncertainty is lower than 0.09 ( Figure 4 ).
Direct measurements of emissivity were carried out on the brake disc after braking.
The disc was heated at 550 °C and a part of the heated disc was covered with a known emissivity black paint (ε = 0.93±0.02). The surface temperature was measured with an infrared camera (CEDIP, λ = 3-5 μm) and the two-color pyrometer. The disc emissivity is determined using the ratio of the disc and the black paint luminance. Figure 9 shows brake disc emissivity values obtained during braking using the two-color pyrometer and brake disc emissivity obtained after braking using the infrared camera and the two-color pyrometer. As it can be seen in Figure 9 , a good correlation was found between pyrometer and infrared camera direct emissivity measurements. However, emissivity values obtained after braking using the direct method are higher (about 0.8) than emissivity values obtained during braking (about 0.4). This difference can be explained by the oxidation of the disc surface observed after braking. This corresponds to the bibliographical study [33] which shows that the emissivity at T = 600 °C and for λ between 2.5 and 5 μm, varies between 0.35 and 0.2 for bright metals and between 0.7 and 0.9 for oxidized metals.
Conclusion
A fiber optic two-color pyrometer with a short time response (8 μs) and a small measurement spot (2.4 mm) capable of measuring the brake disc surface temperature and emissivity in the 200-800°C range has been developed. The two-color device consists of a fluoride glass fiber, two HgCdTe detectors equipped with bandwidth filters and a data conditioning and acquisition device. The two-color pyrometer was calibrated using an extended blackbody. Tests were carried out on known temperature target and a good correlation was found between results obtained with our two-color pyrometer and those obtained with a commercial two-color pyrometer. Some experiments carried out on a braking test bench enabled us to reach the transient brake disc surface temperature during braking and proved the importance of the emissivity on the measurement of the disc surface temperature. A significant variation of the emissivity has been observed for both hold braking and deceleration braking. Direct measurement of emissivity carried out on the brake disc after braking shows the emissivity dependence with the surface oxidation. Further, the two-color pyrometer can be used to investigate the temperature effect on the tribological behaviour of the brake disc during braking.
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